Using a two-alternative temporal forced-choice technique, two binaural detection experiments were performed. In the first, the detectability of a 250-Hz I 28-msec tonal signal masked by a gated 7D-dB SPL tone of the same frequency and duration was measured as a function of the level of the signal, the phase angle at which the signal was added to the masker, and the interaural phase difference of the signal. In the second experiment, the signal was a wideband (100-3,000 Hz) 128-msec Gaussian noise masked by a continuous Gaussian noise of the same bandwidth and coherent with the signal. The detectability of this noise signal was measured as a function of the same variables investigated in the first experiment. In both experiments detectability was found to follow a simple energy-or power-detection model when the interaural phase difference was 0 deg. When the interaural phase difference was 180 deg, the function relating the signal level required for a constant level of performance to the signal-masker phase angle is such that neither the Webster-Jeffress hypothesis nor Durlach's E-C model accounts for the data. The data are reasonably well fit by a model proposed by Hafter and Carrier.
However, Hirsh and Webster apparently did not manipulate the phase angle at which the signal was added to the masker. Jeffress et aI, by using tones of short duration and by careful selection of the signal-masker phase angle, were able to obtain a sizable improvement with a tonal signal under anti phasic conditions.
Since 1956, and undoubtedly due to the Jeffress, Blodgett, Sandel, and Wood paper, a large amount of work has been done on binaural masking phenomena (see Green & Henning, 1969) . Most of this work has involved the masking of tonal signals by noise maskers. Under such conditions, the Webster·Jeffress time-shift model can be tested only through statistical arguments, since the phase angle between signal and masker is not static, but is constantly changing. Such statistical arguments (Robinson, 1966; Levitt & Lundry, 1966) have lent some support to the model, but cannot be considered critical due to the many assumptions which are necessary. Thus, conditions which allow control over the signal-masker phase are necessary before the time-shift model can be properly tested. Two such conditions are the masking of tones by tones and of noise by coherent noise.
'j A second important model for binaural signal detection is the Durlach equalization-cancellation (E-C) model (Durlach, 1972) . This model proposes that the binaural processing system consists of (l) a transform of the masker inputs to the ears such that they are made as nearly identical as possible (equalization) and (2) subtraction of the equalized waveform at one ear from that at the other (cancellation). After these operations, a decision is made on the basis of the power of this difference waveform. The model includes two 159 free parameters in the form of internal noise (time jitter and amplitude jitter). The Durlach model is extremely accurate and general in its prediction of binaural masking phenomena when the inputs are tonal signals and noise maskers.
Several papers since 1956 have reported attempts to control the signal-masker phase relations. The first (Rilling & Jeffress, J965 ) made use of a single noise source for both signal and masker. The signal was narrowband mtered and phase shifted relative to the wideband masker. Interaural phase relations of°deg (SO) and 180 deg (Sn) were investigated with a homophasic noise masker (MO) at several values of signal-masker phase (a). Large advantages of dichotic listening over diotic (ll.5 to 18.0 dB) were found as a was varied from 0 to 180 deg. However, the improvement was a function of deteriorating performance under MO-SO (the diotic conditions), and not due to improved performance under MO-S n (dichotic). In fact, the signal level necessary for a constant level of performance under Sn was invariant as a was varied. Rilling and Jeffress concluded that this result was due to a technical problem: the effect of the phase shifts introduced by the filter in the signal channel on the interaural phase relations under MO-Sn. The explanation, in their words, is that "the interaural phase shifts for the composite narrow band of noise will be almost independent of the settings of the phase shifter." Because of this problem, the experiment has not been considered a valid test of either the Webster-Jeffress hypothesis or of the Durlach model. It should be noted, however, that the results for Sn were exactly those predicted by the E-C model: Sn detection was independent of the angle a.
The second experiment to control the signal-masker phase angle is one by Wightman (1969) . Wightman used a tonal masker of 250 Hz and a tonal signal of the same frequency and extended the work of Jeffress, Blodgett, Sandel, and Wood. When the masker was presented continuously, as in the Jeffress et al paper, Wightman found an advantage ofS n over SO of about 12 dB when a was 90 deg, but an advantage of SO over Sn of about 3 dB when a was 0 deg. However, in this portion of the research, the SO condition was confounded by energy spread caused by the phase shift induced when the signal was added to the masker. In a second experiment, Wightman used a gated masker in order to avoid the effects of the phase-induced energy spread. Under these conditions, the SO function was that expected unner a constant power-or energy-increment hypothesis. However, with the gated masker the Sn condition always required a greater signal level than did the SO condition, i.e., diotic detection was always better than dichotic. The data from both the continuous and pulsed experiments showed that, for Sn, the signal level necessary for 75% correct detections is independent of the value of a.
Wightman points out that the results of both of his experiments contradict predictions made by the Webster-Jeffress model. The model predicts that as a is varied, detectability under the Sn condition should change, with maximum detectability occurring when a is 90 deg, since, at this value, the interaural phase difference is at a maximum. The Durlach model, since it posits the power of the difference in the equalized waveforms as the decision variable, predicts that So detectability will be independent of the signal-masker phase angle, the result obtained by Wightman. However, the formal statement of the Durlach model precludes dichotic detection being worse than diotic, since it assumes that when binaural detection is worse than monaural, the system will use the best monaural channel. Wightman found diotic detection better than dichotic. Thus, the data cannot be taken as support for Durlach's model. A third experiment involving flxed signal-to-masker phase angles is that of Hafter and Carrier (1970) . Their experiment, like that of Wightman, involved tonal maskers and tonal signals. Both masker and signal were pul sed during the observation intervals of a "same-different" experimental paradigm. They investigated three frequencies (250, 500, and 1,000 Hz) and four values of signal-to-masker phase angle (0, 45, 90, and 135 deg) . Their data show considerable inter-S variability, but two general conclusions can be drawn:
detectability for So signals is poor at a =0 deg and at a =45 deg;and the a = 135 deg condition in which the interaural temporal cue is in opposition to the interaural intensive cue tends to produce poorest performance.
Hafter and Carrier suggest that over the range of a to 90 deg, their data are reasonably well flt by a "lateralization" model which assumes that the observer is making his decision on the basis of a weighted sum of the interaural temporal and interaural intensive cues. (The weighting may be thought of as converting interaural intensive difference into temporal difference by multiplying the intensive difference by a "trading relation" expressed in microseconds/decibel.) Such a model fits less well at 135 deg where the interaural cues are in opposition. Yost (1972a, b) has also studied binaural tonal masking. In one study (1972a) he investigated the SO and Sn conditions at three as (0, 45, and 90 deg) as a function of a 12-dB change in the intensity of the masker. Yost's data were obtained at 500 Hz and were similar to those obtained by Hafter and Carrier (1969) at 500 Hz. Yost reported that the signal-to-masker ratio required for detection remained constant in both the SO and So conditions over the 12-dB change in masker level. In the other study, Yost (1972b) investigated the SO, Sn, and the SM conditions. In the SM condition the tonal signal was added only to one ear while the tonal masker was diotic. His SO and Sn data at 250 and 500 Hz are similar to Hafter and Carrier's data at 250 and 500 Hz. At 3,000 Hz, Yost reported no difference in detection between the SO and Sn conditions. At all three as (0, 45, and 90 deg) and for 250 and 500 Hz, the SM condition yielded larger values of the signal-to-masker ratio required for detection than the Sn condition. At 3,000 Hz there was no difference reported among the SO, Sn, and SM conditions at as of 45 and 90 deg. However, at an a of 0 deg the SM condition yielded poorer detection (average of 5 dB) than the SO condition at all three frequencies (250, 500, and 3,000 Hz). Yost concluded in both studies that the lateralization model provides a better fit to the data than either the Webster-Jeffress or Durlach models. Jeffress and McFadden (l971) and McFadden, Jeffress, and Ermey (l971) have reported data from experiments in which both signal and masker are obtained by passing a Gaussian noise through a narrow (50-Hz) filter. In the Jeffress and McFadden experiment, the filter was centered at 500 Hz and in that by McFadden et al at 250 Hz. Both of these studies investigated the lateralizability as well as the detectability of the noise signals as a function of the signal-to-masker phase angle. As was the case in the Hafter and Carrier experiment, both of these reports show considerable inter-S variability. With respect to the detection data, however, two general conclusions may be drawn: (1) neither a strict time-cue model (i.e., Webster-Jeffress) nor the E-C model seems to fit the data, and (2) when the temporal and intensive cues are in opposition, performance tends to be worse than when they are in agreement.
Wightman (l971) has reported an extensive investigation of the effects of masker bandwidth on the detectability of SO and Sn signals. The main conclusion of the paper is that the spectral content of both signal and masker may have large effects on the detection of SO signals, while such effects are relatively small when the signals are Sn. In this paper, Wightman also presents data from an experiment similar to the one reported by him in 1969 with continuous sine wave maskers. In the more recent experiment, however, the sine wave was heavily filtered to avoid the problerr s caused by transients in the earlier work. Wightman applies the "lateralization" model described by Hafter and Carrier to the tone-on-tone data at 262 and 800 Hz. Although the model somewhat overestimates performance for the Sn data, it provides a reasonably good fit at both frequencies.
Since 1956, then, there have been nine experiments which have controlled the signal-to-masker phase angle and have investigated detectabiIity for Sn signals: six of these papers have employed tonal maskers and tonal signals and three have employed a noise as both masker and signal. The most striking observation one can make about these papers is that inter-S and interexperiment differences are so large that a consistent picture of the effects of varying signal-to-masker phase angle on dichotic signal detection has failed to emerge.
Three basic models have been described and applied to the controlled phase experiments. The first of these,
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the Webster-Jeffress hypothesis, proposes interaural temporal difference as the primary cue for binaural signal detection. This model, which has had considerable success in handling the data of tone-in-noise experiments, fails in almost all of the experiments described here, since it predicts best detection at a signal-masker phase angle of 90 deg, a result which rarely occurs. The second model, the Durlach E-C model, has also been applied to tone-in-noise masking and, for most such conditions, provides a reasonably good fit to the data. When applied to experiments in which the signal-masker phase angle is controlled, the model predicts that detection under antiphasic conditions will be independent of signal-to-masker phase. Although some Ss in some experiments provide data in which the effect of varying signal-to-masker phase is small, the consensus appears to be that the model fails. Certainly, some data show large effects of varying signal-to-masker phase. A third model, the "lateralization" model proposed by Hafter and Carrier (a similar model was also proposed by Yost, 1970) , has only recently been applied to tone-in-noise masking (Hafter, 1972) , and it is perhaps too early to say how it will fare. This model, however, appears to provide the best fit of any of the models to tone-on-tone masking. However, as Hafter and Carrier point out, the model provides a poor fit when the interaural temporal and interaural intensive cues are in opposition. Binaural masking studies using coherent signals and maskers allow for the control of the signal-to-masker phase angle. This control is not possible in studies in which a pulsed tonal signal and continuous broadband noise are used. The control of the signal-to-masker phase angle in the coherent signal and masker studies allows one to make predictions regarding the significance of the phase angle in studies involving tonal signals and noise maskers. However, in order to make these predictions, the waveforms in these two types of studies should be as similar as possible. Only sinusoids and narrowband noise have been used to study binaural masking with coherent signals and maskers. Sinusoidal signals and maskers allow for the control of the signal-to-masker phase angle, but the masker must be pulsed with the signal to avoid spread of energy (Wightman, 1972) . Narrowband noise signals and maskers also allow for control of a, and the noise may be continuous while the signal is pulsed. However, the narrowband noise produces a time envelope that is very irregular compared to that produced by a broadband noise. Thus, both the sinusoidal and narrowband noise yield waveforms which are dissimilar to those produced by a pulsed tonal signal and a continuous broadband noise. With a broadband noise signal and masker, the signal-to-masker phase angle can be controlled, the masker can be continuous and the signal pulsed, and the time-envelope is relatively smooth. Thus, the broadband noise yields a waveform which is similar to that produced by a tonal signal and noise masker.
The present paper represents a further attempt to clarify the problems raised when the signal-to-masker phase angle is controlled and when the detectability of an interaurally phase-reversed signal is measured. The research consists of two experiments: in the first, both signal and masker are pulsed tones of the same frequency and duration; in the second, the masker is a continuous wideband noise and the signal is a coherent noise of the same bandwidth.
METHOD

Experiment I
All data were obtained using a two-alternative temporal forced-choice technique. The trial sequence consisted of a 512-msec warning period, a 512-rnsec pause, a 128-msec observation interval, a 512-msec pause, a 128-msec observation interval, a 1.536-sec response interval, and a 512-msec feedback interval. The warning period was indicated to the listeners by a light. During the feedback interval, one of two lights was illuminated to indicate to the listener which of the two preceding observation intervals contained the signal.
During each of the two observation intervals, a 128-msec 250-Hz 70-dB SPL tone was gated with a 100msec rise and decay time. This tonal masker was presented in-phase at the ears (MO). During one of the two observation intervals, a signal of the same frequency, duration, and rise-decay time was added to the masker at one of three signal-masker phase angles (a): 0, 45, or 90 deg. The signal was always presented binaurally, but in some conditions it was presented in-phase binaurally (SO) and in others in phase reversal (Sn). The probability of the signal being presented in the first observation interval was equal to that in the second.
For each combination of interaural conditions (MO-SO and MQ.Sn) and signal-masker phase angles (a = 0, 45, and 90 deg), three signal levels were used. For all conditions other than MQ.SO and a =90 deg, the three levels were separated by 2-dB steps. For MQ.SO and a =90 deg, the three levels were separated by I-dB steps.
Four female listeners with clinically normal hearing participated in the experiment. They worked for approximately 1 h per day for approximately 20 days. Each day consisted of two listening periods separated by a 100min rest period. The first session of each day began with a 20-trial practice block during which the signal was elevated by 1 or 2 dB over the level to be used in the following block. Following the practice block, three experimental sessions were run. After the rest period, the second session of each day consisted of at least two and sometimes three additional experimental blocks. During each session, signal levels were presented in descending order, i.e., highest levels were run first. During anyone 80-trial block, the signal level was held constant.
Two of the four listeners were trained initially on MO-SOand the other two on MQ.Sn. After training, a minimum of 9 days (18 sessions) were run before the listeners were trained on the remaining conditions. Thus, a minimum of 480 trials were run for each combination of three levels, three signal-masker angles, and two interaural angles. During training on each interaural phase condition, the listeners were told, to use the feedback lights to help them learn to make their decisions. For the MQ.SO condition, they were instructed that their task would be to determine in which of the two intervals the tone sounded "louder." In the MQ.Sn conditions, they were instructed thattheir task would be to determine in which of the two intervals the tone sounded "off center." In all of the MO-Sn conditions, the ear that led in phase and/or had the greater amplitude was the left ear.
All phase angles were calibrated according to the electrical inputs to the headphones (Telephonics, TDH-39). Interaural phase relations were measured by observing the Lissajous figure produced on an oscilloscope. Signal-masker phase angles were calibrated by measuring voltage changes at the headphones when the signal was added to the masker.
Experiment II
A single noise generator provided both the masker and the signal. Signal-masker phase differences were obtained by inserting a Grason-Stadler Model 3520AA phase shifter after the wideband (100-3,000 Hz) filter, The masker, also wideband filtered, was continuous and had a noise power per unit bandwidth of approximately 50 dB SPL. The trial sequence was identical to that used in Experiment I except that the two observation intervals were marked for the Ss by indicator lights. Signal-duration and rise-decay time were also the same as in Experiment I. Four different listeners, with clinically normal hearing, were employed. The daily routine for Experiment II Ss was the same as that for the Ss in Experiment I. As in Experiment 1, a values of 0,45, and 90 deg were employed when the signal condition was SO. When the condition was Srt, however, a values of 0,45, 90, and 135 deg were employed.
RESULTS
In both experiments, three-point psychometric functions were obtained for each combination of interaural phase angle and signal-masker phase angle. For each S and each 80-trial block, the quantity P(C) = [P(l I I) + P(2 I II)] was computed. In this equation, p(1 I I) is the proportion of times the listener correctly detected the presence of the signal in the first observation interval. Similarly, P(2 I II) is the proportion of correct detections for the second observation interval. The average value of P(C) for each condition for each S was plotted against the signal-to-masker ratio, 20 log S/M. A computer was employed to obtain the best fitting values for the transform of the function: d' = m(S2/M 2 )k .l The program transformed d' to P(C) and S2IM 2 to 20 log S/M and obtained the values of m and k which led to a minimum least squares between P(C) values from the data and those from the equation.
Average psychometric functions for each condition and each experiment are shown in Figs. 1.4. 2 These functions are typical in their forms and relative positions of the functions for individual Ss. Of course, some Ss were more sensitive than others, but they did not differ markedly in any other systematic fashion. Riesz, 1928; Green, 1960) . In the present experiments, the SO data represent control conditions and are used only to compare antiphasic with homophasic detection. In light of observations made by Wightman (1971) , it should be pointed out that the good fit of the SO data in Experiment I to a constant energy-increment function may be taken as evidence that there was no contamination by energy spread to frequencies other than those of the signal and masker. This problem was avoided by gating both signal and masker simultaneously. For Experiment II, where the masker was continuous, the problem of energy spread would seem to be negligible, since both signal and maskers were wideband noises. This is borne out by the fact that the SO data of Experiment II are also fit well by the constant energy-increment hypothesis.
Phase-Reversed Signals
Lateralization
SICNAl-MASKER PHASE   Fig, 6 , Average data from four Ss in Experiment II. Squares, Sn; circles, SO; triangles, predicted values for SO at Ci = 135 deg. The smooth curve drawn through the SO data is based on the constant power-increment hypothesis. The dashed portion of the curve is an extrapolation for the constant power-increment hypothesis. It is important to remember that the task of the Ss was to detect the presence or absence of the signal, not to lateralize the image of the masker or signal plus masker. The task of lateralization under conditions such as those descnbed here has been extensively investigated by Jeffress and McFadden and by McFadden, Jeffress, and Ermey. However, the cues usually associated with the task of lateralization (interaural temporal and interaural intensive differences) are present in the Sn conditions, and the data may be used to estimate "thresholds" for the use of these cues in the detection task. The interaural temporal difference, Llt, may be estimated from the data obtained for 0: =90 deg, since at this value the interaural intensive difference is zero and
In-Phase Signals DISCUSSION hypothesis. The fit to the data is excellent. The average power increment in Experiment I is 0.6 dB. For Experiment II, the corresponding value is 0.5 dB. The dashed line in Fig. 6 is an extrapolation of the power-increment hypothesis to 135 deg (a value not experimentally determined). The upper triangle denotes the value of 20 log SIM necessary to obtain a power increment of 0.5 dB; the lower one denotes that necessary to obtain a O.5-<1B power decrement.
The The results of both experiments for the conditions in which there were no interaural discrepancies (the SO conditions) are fit well by a constant power-or a constant energy-increment model and are, therefore, consistent with most theories of signal detectability. For Experiment I, the average power increment required for a P(C) of 0.75 was approximately 0.6 dB, The corresponding figure for Experiment II was the monaural power increment is negligible. For Experiment I, the average~t was approximately 90 microsec for the 250-Hz 128-msec tone. This value is in the range of estimates of the interaural temporal-difference threshold reported by other researchers. For example, Hafter and Carrier (1970) reported 200 microsec for an untrained Sand 36 microsec and 112 microsec for highly trained Ss. Yost (1972a, b) reported 60-70 microsec for 500 Hz and 128 microsec for 250 Hz. Gamer and Wertheimer (1951) obtained a value of 170 microsec for 200 Hz at 90 dB SPL and 350 microsec at 50 dB. Other investigators (Klumpp & Eady, 1956; Zwislocki & Feldman, 1956; Hershkowitz & Durlach, 1969) When 0: is 0 deg there is an interaural intensive difference,~I. For Experiment I, the average value of~I was 1.8 dB, a value which is considerably greater than the 0.8 dB reported by Mills (1960) for a 250-Hz tone. The data of Experiment I, showing best detectability at a signal-to-masker phase angle of 45 deg, preclude both the Webster-Jeffress model and the E-C model. These data are similar to the 262·Hz data reported by Wightman (1971) and by Yost (1972b) and to the data for some of the Ss in the Hafter and Carrier experiments at 500 and 1,000 Hz, but not at 250 Hz. Although McFadden, Jeffress, and Ermey do not report means across Ss, we have taken the liberty of averaging their data for the 250·Hz center frequency noise condition. These average data compare favorably in the form of the Sn function with the data from Experiment I. The data of Experiment II, which show that, for noise, the effect of signal-to-masker phase angle is to decrease detectability with increasing values of a, allow us to reject the Webster-Jeffress hypothesis, but leave some doubt about the E·C model. The departure from a horizontal line is slight. These data are similar in form to MASKING OF TONES AND NOISE 165 average data based on the individual data reported by Jeffress and McFadden (1971) , who employed a narrowband noise centered at 500 Hz.
It is important to note that in both Experiments I and II, antiphasic detection at 0: = 0 deg is worse than homophasic detection at the same angle. In only two of the seven experiments we have described is this the case: Wightman (1969) and Jeffress, Blodgett, Sandel, and Wood. In the study by Yost (1972b) , he reported that at 0: = 0 deg antiphasic and homophasic detection were about equal. However, Yost reported that detection in the SM condition at 0: =0 deg was, on the average, 5 dB worse than that in the SO or Sn conditions. Yost (1972b) also showed that the interaural intensive difference required at 0: =0 deg in both the Sn and SM conditions was about 1.0 dB. In our case, the average decrement in performance for Sn at 0: = 0 deg was about 3 dB for Experiment I and about 1 dB for Experiment II. This decrement in performance for Sn relative to SO may be interpreted in two ways: our Ss were relatively insensitive to interaural intensive differences (the cue available at 0: = 0 deg for Sn) or they were quite sensitive to the power increment (the cue available at 0: =0 deg for SO). A comparison of our data with those presented in the several relevant papers suggests that a combination of these two factors will explain the decrement. In Experiment I, our Ss were extremely sensitive to the power increment, requiring only about 0.6 dB for SO at 0: =0 deg. [Hafter and Carrier report values of 0.95, 0.75, and 0.90 dB for three Ss at 250 Hz; Wightman (1971) shows data which indicate a required power increment of about 0.75 dB; Yost (1972a) reports power increments of approximately 0.7 dB over the 12-dB intensity range which he investigated.] For data from experiments with noise as a masker and as a signal, the discrepancy is even greater. The Ss in Experiment II required an increment of only 0.5 dB, while Jeffress and McFadden report power increments ranging from 1.73 to 2.00 dB and McFadden et al report values ranging from 2.92 to 3.86 dB. Thus, in both Experiments I and II, our Ss seem extremely sensitive to the power increment available with SO at 0: = 0 deg. The situation for the Sn signals at 0: = 0 deg is quite different, at least in Experiment I. The~I of 1.8 dB required by our Ss indicates that they are relatively less sensitive to interaural intensive differences than Ss in other experiments. Hafter and Carrier report data indicating an average interaural intensive difference of about 0.6 dB at 250 Hz, Wightman (1971) shows data indicating about 1.3 dB, and Yost (1972a, b) reported 1.0 dB at 250, 500, and 3,000 Hz and for a 12·dB range in tonal masker intensity. With respect to the noise data, our Ss, requiring an average interaural difference of 1.29 dB, fall near the range (0.8 to 1.13 dB) reported by Jeffress and McFadden (1971) and within that (1.07 to 1.80 dB) reported by McFadden et al (1971) .
The role of sensitivity (and/or detectability) to homophasic conditions in determining the relative advantage of antiphasic to homophasic detection has been discussed by others, As Jeffress, Blodgett, Sandel, and Wood pointed out, " ... any condition which requires a large signal for monaural detection has the potentiality for a substantial MLD under anti phasic conditions." Apparently, for tone-on-tone and wideband noise-in-noise conditions, the sensitivity of the "monaural" system to a power increment is so great that the binaural system has little room to show an improvement. For narrowband noise, however, Ss are relatively insensitive to the power increment (perhaps due to the relatively large fluctuations in the envelope of the narrowband noise), and the binaural system has room to show an improvement. The fact that the binaural system is not adversely affected by the narrowband noise is shown by the good agreement of the interaural intensive differences obtained in Experiment are V-shaped. Which function is obtained will be determined by the relative sensitivity of the S to interaural temporal difference and to interaural intensive difference. As was pointed out previously, the "lateralization" model provides a poor fit to the data for 90 < a < 180 deg. What we are forced to conclude, then, is that the "lateralization" model provides a better fit to the data than does either the Webster-Jeffress model or the E-C model. However, the "lateralization" model does not appear to be a complete description of what occurs in detection tasks involving coherent signals and maskers.
